The invariant chain (Ii) is an important immune molecule, as it assists major histocompatibility complex (MHC) class II molecules to present antigenic peptides. The relationship between the Ii and MHC molecules in teleosts remains poorly understood. This study focused on the molecular structure of grass carp Ii (gIi), its organ distribution, correlations with gene transcription, and the association with MHC. gIi cDNA was cloned using designed degenerate primers and the rapid amplification of cDNA ends method (RACE). The gIi sequence was 92%e96% similar to that of other teleosts, but only 52%e67% similar to that of mammals, respectively. The gIi gene was distributed in all 12 organs examined by PCR. The gIi gene transcription levels were markedly higher in organs enriched with immune cells than in other organs (P < 0.01). Moreover, positive correlations were detected between transcription levels of the gIi and gMhcI or II genes in different organs (r ¼ 8.415e8.523, P ¼ 0.001). The gIi co-localized on endomembrane systems with either class I or II molecules in co-transfected cells observed by a laser confocal. Further testing confirmed that the gIi bound gMHCI and II molecules. Taken together, these results indicate that the gIi is associated with MHC class I and II molecules, suggesting homology of both MHC molecules.
Introduction
The invariant chain (Ii) is a chaperone protein of major histocompatibility complex (MHC) class II molecules [1] that participates in molecular maturation and assembly [2] . The Ii also plays an important role presenting exogenous antigenic peptides [3] . The Ii-CLIP (class II-associated invariant chain peptide) occupies the groove in class II molecules and forms a trimer (abIi) or nine polymers (abIi) 3 to avoid endogenous peptides [4, 5] . The Ii also regulates migration of class II molecules in cells, transfers to the cellsurface [6e8], and affects molecules, such as cathepsin S [9] and myosin II [10] , or acts as a chaperone for Toll-like receptors [11] .
The mouse Ii binds either the a or b chain of class II molecules to form a dimer in vitro [12, 13] , whereas the quail Ii binds MHC class II molecules of other species [14] . Sugita and Brenner reported that human Ii associates with MHC class I molecules, and that the Ii/ MHC I complex is reconstituted in Ii-negative cells [15] . Ii expression results in an increase in the number of cell surface human leukocyte antigen (HLA) class I molecules [16] and a vaccineinduced CD8 þ T cell response [17] . An Ii-dependent MHC class I cross-presentation pathway was identified in dendritic cells based on the association between the Ii and MHC class I molecules. This pathway plays a major role in the generation of MHC class Irestricted, cytolytic T lymphocyte responses to viral protein-and cell-associated antigens [18] . Our previous study showed that chicken Ii binds B-F (class I) molecules in eukaryotic cells after their co-expression, presenting allele dependence [19] . This evidence was also confirmed by prokaryotic expression of both genes and in a pull-down assay to detect associated molecules [20] . The teleost Ii was first discovered in zebrafish (Danio rerio) [21] , followed by rainbow trout (Oncorhynchus mykiss) [22] , sea bass (Dicentrarchus labrax) [23] , large yellow croaker (Pseudosciaena crocea) [24] and carp (Cyprinus carpio) [25] . The fish Ii is also expressed in immune cells [26] and is affected by several environmental factors [27] . The first classical teleost MHC sequence was reported in Atlantic salmon [28] . To date, the MHC genes have been isolated from more than 40 species of teleosts [29e31]. These gene sequences have been classified into various lineages using phylogenetic clustering [32] . The teleost MHC molecules have same structure with other vertebrates, briefly its class I and class II molecules are heterodimers of two polypeptide chains, a and b chains, in which Ib and IIa chains are highly conserved, whereas the Ia and IIb chains are highly polymorphic and localized in the peptide binding region domain [33e35] . However, the association between the teleost Ii and MHC class I or II molecules is unknown. Grass carp (Ctenopharyngodon idellus) is widely cultured in China. In the present study, the rapid amplification of cDNA ends (RACE) method was used to clone the grass carp Ii (gIi) gene, and eukaryotic expression and western blot assays were used to determine the relationship between the gIi and MHC molecules.
Materials and methods

Materials
Two male and three female grass carps (about 2 kg, 2 years old) were obtained from fishing ground in Anhui Province, China.
Cloning of the grass carp Ii gene
First total RNA was extracted from grass carp blood cells using the RNAiso plus (Takara, Dalian, China) following the manufacturer's protocol. Then first-strand cDNA was synthesized from the RNA using a reverse transcription-polymerase chain reaction (RT-PCR) kit (Takara, Dalian, China), according to the manufacturer's instructions. Based on the highly conserved Ii sequences among teleosts (zebrafish, CU468924.8; Cyprinuscarpio, AB098609; and D. rerio, BC065433.1), the gIi-d-f(164) and gIi-d-r(657) degenerate primers (Table 1 and Fig. 1B) were used to amplify a segment of the gIi cDNA. PCR was carried out with Taq Mix (Takara) as follows: 1 min at 94 C, 30 cycles of denaturation for 10 s at 98 C, annealing for 30 s at 58 C, extension for 1 min at 72 C, and a final 6-min step at 72 C. The PCR product was inserted into the pMD18-T vector (Takara). To obtain the 3 0 and 5 0 ends (Fig. 1B) of gIi cDNA, RACE was performed using the RACE core set ver. 2.0 (Takara) primers (Table 1) , according to the manufacturer's instructions. The PCR products were subcloned into the PMD18-T vector and sequenced.
The complete gIi cDNA was amplified by PCR with the gIi-F-f and gIi-F-r(1116) primers (Table 1 and Fig. 1B ), as follows: 1 min at 94 C, 30 cycles of 1 min at 98 C, 45 s at 54 C, 1 min at 72 C, and a final 10 min step at 72 C. All cloned genes were sequenced by Huada (Shanghai, China). A list of the primers used in this study is presented in Table 1 .
qRT-PCR to detect gIi transcription levels in different organs
Quantitative RT-PCR was performed on an ABI 7300 Real-Time system (Applied Biosystems, Foster City, CA, USA). Gene-specific primers (Table 1) were designed using Primer Express 3.0 software (Applied Biosystems) to amplify the 90e107 bp PCR products. Each reaction contained 12.5mLof 2 Â SYBR Green premix Ex Taq™ II (Takara), 0.8 mg of diluted cDNA sample, and 0.8 M gene-specific primers in a final volume of 25 mL. The thermal cycling profile was as follows: 3 min at 94 C, 40 cycles of 15 s at 94 C, and 1 min at 60 C. Measurements were carried out after the 60 C extension phase. A melting curve was generated to determine primer specificity by increasing the temperature from 60 to 64 C. Three technical replicates were performed for each gene. Blood gIi level was used as a reference for each reaction. Grass carp 18sRNA was used as an internal control. Relative transcription levels were calculated as 2
ÀDDCt (DCT ¼ CT, Target e CT, g18sRNA. DDCT ¼ DCT, treatment
eDCT, blood). The gIi relative blood transcription level (2 ÀDDCt,blood ) was defined as 1.
Cell culture, transfection and laser confocal microscopic observations
293T cells were grown at 37 C in 5% CO 2 and Dulbecco's modified Eagle's minimum essential medium (DMEM; Invitrogen, San Diego, CA, USA) with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). The 293T cells were seeded in a 24-well plate at a density of 10 4 cells/well and allowed to reach Table 1 Primer sequences and recombinant plasmids.
name 80% confluence. All recombinant plasmids, such as pEGFP-C1-gIi, pmCherry-N1-gMhcIa, pmCherry-N1-gMhcIIb and pEGFP-C1-F306 (peptide from the Newcastle disease virus fusion protein [36] ) (Table 1) , were freshly prepared before transfection, the complex plasmid suspensions (1mg/well) and Xfect (0.3 mL/well) were mixed, and the medium in each well was exchanged for fresh serum-free DMEM. Complexes were added to wells with serum-free DMEM, and the cells were incubated with the complexes for 6 h. The medium was removed and replaced with complete medium. The cells were observed 24 h later using a confocal laser scanning microscope (FV1000; Olympus, Tokyo, Japan).
Immunoprecipitation
Immunoprecipitation was used to evaluate co-transfection of associated genes into 293T cells. The cells were seeded in 25-cm 2 plates with the fusion genes (gIi/GFP and Myc/gMhcIa and gIi/GFP and Myc/gMhcIIb. The cells were harvested 36 h post-transfection and lysed in 1 mL immunoprecipitation lysis buffer (50 mM TriseHCl, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, and 1 protease inhibitor cocktail tablet) at 4 C for 1 h. The cells were centrifuged at 12,000 g and 4 C for 1 h, 20 mL of Protein A/G Plus-Agarose beads (GE Healthcare, Piscataway, NJ, USA) was added to the supernatants, and the cells were incubate at 4 C for 2 h. After centrifugation at 12,000 g for 20 s at 4 C, 2 mL anti-Myc antibody (Zhongshan Golden Bridge Biotechnology, Beijing, China) was added to the supernatants and incubated for 2 h at 4 C. The immune complexes were isolated using 50 mL Protein A/G PlusAgarose beads over night at 4 C. Centrifugation involved suspending the residue in 1 mL immunoprecipitation lysis buffer, buffer 2 (50 mM Tris-HCl, 500 mM NaCl, 0.1% Nonidet P40, and 0.05% sodium deoxycholate), and buffer 3 (50 mM Tris-HCl, 0.1% Nonidet P40, and 0.05% sodium deoxycholate) for 20 min and adding Protein A/G Plus-Agarose beads under the above conditions. After centrifugation at 12,000 g for 20 s at 4 C, the washed beads were further analyzed.
Western blot
The washed immune precipitates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride membrane (Millipore, Schwalbach, Germany). The blots were blocked with 10% (v/v) fetal calf serum for 1 h and probed for 1 h with a murine anti-GFP (Zhongshan Golden Bridge Biotechnology), followed by washing and incubation for 2 h with horseradish peroxidase-conjugated secondary goat anti-mouse IgG (Zhongshan Golden Bridge Biotechnology) and enhanced chemiluminescent detection reagents (Pierce, Rockford, IL, USA).
Statistics
Statistical analyses were performed using SDS software 1.3.1 (Applied Biosystems) using student's t-test. All functional qRT-PCR assays were performed in triplicate. Significance was defined as P < 0.01.
Results
Cloning of the grass carp Ii cDNA
Based on known Ii gene sequences of other vertebrates, the degenerate primers (Table 1) were designed, and a 493 bp fragment was amplified from the cDNA obtained from grass carp spleen cell mRNA by RT-PCR (Fig. 1B and C, lane 5) . Then, the 3 0 and 5 0 terminal fragments (542 and 703 bp) from RACE with new designed primers were obtained (Figs. 1B and 2A, lanes 3 and 4) . After analyzing the sequencing results, a pair of primers was designed, and the entire Genetic relationships of the Ii sequences from 12 species in the phylogenetic tree. The tree was generated with the CLUSTAL software package (ver. 1.81) using a neighbor-joining algorithm and edited with MEGA 4.1 software. The tree was rooted using the midpoint method. Horizontal distances are proportional to the minimum number of nucleotide differences required to join nodes. The Ii sequences of the species were classified into different lineages, and the grass carp and sliver carp Iis belonged to the same lineage. Bar represents branch length, which is proportional to genetic distance. The Ii sequences of duck (AAX47310), goose (HM208131), pigeon (AAX47311), quail (AAX47311), chicken (AAT3634), mouse (NP_034675), cattle (NP_001029907), human (AAA36304), rainbow trout (AY081776), common carp (AB098609), zebrafish (CU468924.8), grass carp (KM369885), and sliver carp (JQ278011) were referenced from GenBank (https://www.ncbi.nlm.nih.gov/genbank/). length of the gIi cDNA was amplified by PCR. The gIi cDNA was 1116 bp (Fig. 2A, lane 1) and contained an open reading frame of 711 bp (Fig. 2A, lane 2) encoding 236 amino acids. We did not detect any others. The gIi cDNA sequence was deposited in the GenBank nucleotide sequence database with accession no. KM369885.
Characteristics of the grass carp Ii protein structure
Analysis of the grass carp Ii protein structure with those of other species (zebrafish, chicken, goose, human, and mouse) at the NCBI website (http://www.ncbi.nlm.nih.gov/Structure/cdd/docs/cdd_ search.html) showed that the gIi had cytosolic, transmembrane, luminal, and thyroid domains. Moreover, the isoform of different species were not identical in length, but their basic domain structures were highly similar ( Fig. 2A) . In particular, three or more residues and motifs located in the transmembrane domain were conserved between species and their helices were in the luminal domain ( Fig. 2A) . MEGA4.0 and GeneDoc software showed that the gIi was 92%e96% similar to other fish Iis, but only 52%e67% similar to mammals (Fig. 2B) . These phylogenetic relationships reflect the divergence of Ii genes from common ancestral sequences.
gIi gene transcription levels are positively correlated with gMhcIa or gMhcIIb
The Ii and MHC class I and II molecules are correlated immune factors. Transcription levels of the gli, gMhcIa, and gMhcIIb genes were detected in different organs by qRT-PCR to determine their distribution and relationships. The results showed that the genes were amplified in all of organs tested (Fig. 1A) , and that the blood Fig. 3 . Transcription levels of the grass carp invariant chain (gIi), grass carp major histocompatibility complex Ia (gMhcIa), and gMhcIIb and genes in different organs. (A) Distribution of gIi, gMhcIa, and gMhcIIb genes in different organs. Transcription product lengths were 132bp (gIi), 91bp (gMhcIa), 107 bp (gMhcIIb), and 90bp (18 sRNA, endogenous control). (B) Relative gIi, gMhcIa, and gMhcIIb gene transcription levels in different organs. Bars represents mean ± SD values obtained from experiments performed three times (technical replicates). 1, Blood cells; 2, liver; 3, spleen; 4, mesonephros; 5, head kidney; 6, heart; 7, brain; 8, skin; 9, gill; 10, intestines; 11, red muscle; 12, swim bladder. The t-test showed statistical significance (P < 0.01) between the blood cells and the other organs, except gill (gIi), heart, brain, intestines and red muscle (gMhcIa).
transcription level was lower than that in other organs, mesonephros, head kidney and (gIi and gMhcIIb), spleen, and gills (gMhcIa) (P < 0.01), which were enriched in immune cells, but higher than those in other organs (P < 0.01) (Fig. 3B) . Moreover, gIi transcription levels were positively correlated with those of gMhcIa (r ¼ 8.42, P ¼ 0.01) and gMhcIIb (r ¼ 8.53, P ¼ 0.01).
Association between the gIi and gMHCIa or gMHCIIb molecules in eukaryotic cells
Recombinant eukaryotic expression plasmids containing the gIi, gMhcIa, and gMhcIIb genes (Table 1) were co-transfected into 293T cells to determine the association between gIi and gMHCIa or gMHCIIb and their localization in eukaryotic cells. The results showed that the gIi co-localized with gMHCIa or gMHCIIb in the cellular endomembrane system (Fig. 4A and B) because an orange color was observed in particular locations in co-transfected cells when the two target molecules were associated. No orange color was detected when there was no association, rather single green and red dots were observed in the same region in the control cells (gIi and F(306)) (Fig. 4C ). This result indicates that the gIi associates with class I and II molecules.
Binding of the gIi with gMHCIIb or gMHCIa molecules of eukaryotic expression
Immune co-precipitation and sequential western blot analyses were carried out to demonstrate binding of the gIi with gMHC molecules. The results showed that the gIi bound with gMHCIIb and gMHCIa. The associated complexes in the immune co-precipitation, such as Myc/gMHCIa-GFP/gIi and Myc/gMHCIIb-GFP/gIi, were collected by anti-Myc antibody, whereas the GFP/gIi in the complexes was dissociated by SDS-PAGE and recognized by a specific anti-GFP antibody on western blot (Fig. 5, lanes 1 and 2) . As controls GFP was found in the cell lysis, in which GFP was co-expressed with Myc/gMHCIa or Myc/gMHCIIb without treatment by anti Myc antibody (Fig. 5, lanes 3 and 4) , but it was not found in the cell lysis, in which GFP was co-expressed with Myc/gMHCIa, Myc/gMHCIIb or Myc and flowing treatment with anti-Myc antibody (Fig. 5, lanes 5,  6 and 7) . The former (lanes 1e4) illustrated that GFP alone and as fusion protein were well expressed and recognized by specific antibody, and the latter excluded possible association between GFP and gMHCIa, gMHCIIb or Myc. In short, the gIi could co-localize with gMHCIa or MHCIIb in the endomembrane systems in eukaryotic cells.
Discussion
Teleosts, birds, and mammals have similar but distinctive adaptive and innate immune systems, and the immune tissues, organs, and molecules differ among them. Birds have the bursa of Fabricius, teleosts have a head kidney (Atlantic cod have lost the MHC II gene [25] ), and mammals have sophisticated immunoglobulins. Additionally [37] , some teleosts have two isoforms [38] , as in birds, produced as a result of alternative splicing [37] , but mammals have more than two isoforms [36, 39] . However, similarities among them are also evident. The gIi sequence had 52%e 67% similarity to birds and mammals, which demonstrates several points. First, the primary structures were highly similar, such as the main domains, key sites, and motifs of the gIi, and particularly the helix structures ( Fig. 2A) . Second, all Iis of birds [14] , mammals [36, 40] and teleosts (Fig. 4) localize on the cellular endomembrane systems. Third, a strong correlation was detected between the Ii and MHC class II or I gene transcription levels (Fig. 3) , and the molecules were distributed mainly in organs rich in immune cells. Finally, the gIi and bird Ii co-localized and bound with class II molecules. Taken together, these results suggest that teleosts retained the basic immune structure of these molecules for resistance to pathogens.
Moreover, the gIi also co-localized with class I molecules in cotransfected cells (Fig. 4) , as reported in the chicken [38] and mouse [14, 41] , based on their binding (Fig. 5) . The association between the Fig. 4 . Co-localization of the grass carp invariant chain (gIi) with grass carp major histocompatibility complex Ia (gMhcIa) and gMhcIIb in 293T cells. The cells were transiently co-transfected (A) with pEGFP-C1-gIi expressing GFP/gIi and pmCherry-N1-gMhcIa expressing RFP/gMHCIa, (B) with pEGFP-C1-gIi and gMHCIIb, or (C) with pEGFP-C1-gIi and pmCherry-N1-F(306) as controls. The cells were observed 24 h later under a confocal laser scanning microscope with a 60 Â oil objective. The molecules were visualized as green or red (C) respectively, and co-localization of the gIi with GFP/ gIi-RFP/gMHCIa or RFP/gMHCIIb was visualized in the transfected cells as a dispersed yellow-orange color in the merged image. Bar, 50 mm. 5 . Binding of the grass carp invariant chain (gIi) with grass carp major histocompatibility complex Ia (gMhcIa) and gMhcIIb detected on Western blot. 293T cells were co-transfected (1) with GFP/gIi and Myc/gMhcIa or (2) with GFP/gIi and Myc/ gMhcIIb. The cells were transfected (3) (5) with GFP and Myc/gMhcIa, (4) (6) GFP and Myc/gMhcIIb, (7) GFP/gIi and Myc (as control). The cells were lysed after 24 h and immunoprecipitated (IP) with the anti-Myc antibody (1) (2) (5) (6) (7). Subsequently, the immune complex and cell lysis (3) (4) as control were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and GFP was detected by western blot with anti-GFP antibody. The GFP/gIi fusion protein had a molecular weight of 53.7 kDa (molecular weight of GFP is 27 kDa). þ, done, -, not done.
Ii and MHC class I molecules has rarely been reported; however, some immunoregulatory functions of the Ii have been reported more recently. The Ii quantitatively and qualitatively alters antigen presentation by increasing the number of cell surface HLA class I molecules and the proportion of unstable HLA class I molecules on the cell surface [16] and can up regulate the CD8þT cell response [17] . However, the Ii-CLIP binds to a wide variety of HLA-I molecules in leukemic cells [42] . The Ii actually participates in crosspresenting an antigen peptide mediated by a class I molecule [18] . Our previous study showed that mouse Ii co-localizes with MHC class I molecules and enhances secretion of particular cytokines by T cells in an Ii (vector)/T cell-restricted peptide [41] . We also reported that chicken Ii associates with class I molecules [19] . In the present study, we showed strong associations in the distribution (Fig. 3A) , transcription levels (Fig. 3B) , co-localization (Fig. 4) , and binding of the grass carp Ii with the genes of class I molecules (Fig. 5) . The high similarity in the relationships between the gIi and class I or II molecules reflects the evolution of these homogenous molecules to multipurpose complementary functions.
